Abstract Rotations of the principal stress axes are observed as a result of fluid injection into reservoirs.
Introduction
Sustainable and safe subsurface engineering and seismic hazard assessment requires detailed information on the initial stress state [Cornet et al., 1997; Harris, 1998; Zoback, 2010; Fuchs and Müller, 2001; Heidbach and Ben-Avraham, 2007] . However, widely available are only the orientation of the maximum horizontal stress S Hmax [Heidbach et al., , 2016 Zoback, 2010] , while information on the stress magnitudes is very sparse [Zang et al., 2012] . To date, the estimation of the stress magnitudes is only partly possible or economically feasible and remains a challenge [Brown and Hoek, 1978; Brudy et al., 1997; Lund and Zoback, 1999; Zang and Stephansson, 2010] .
Though the general knowledge on induced and natural subsurface processes steadily grows due to the often extensive monitoring during the exploitation of geological reservoirs, unconventional hydrocarbons among them, the recordings from local seismic networks operating with a low-magnitude detection threshold and good azimuthal coverage can be used to determine focal mechanism solutions and to apply a stress inversion technique [Schoenball et al., 2014; Dorbath et al., 2009; Gritto and Jarpe, 2014] . If a sufficiently high number of seismic events with focal mechanisms is available in a spatially confined area over a certain time period, advanced stress inversion techniques even allow for determining temporal variations of the stress state [Hardebeck and Michael, 2006; Martínez-Garzón et al., 2014a] or the 3-D spatial distribution [Martínez-Garzón et al., 2016] . Thereby, temporal local rotations of the stress tensor have been observed as a physical response of the rock formation to large tectonic earthquakes [Hardebeck and Hauksson, 2001; Bohnhoff et al., 2006; Ickrath et al., 2015] . Typically, these coseismically introduced stress rotations decrease within weeks or months back to pre-main shock orientations to a large extent [Hardebeck, 2012] . More recently, systematic temporal stress [Martínez-Garzón et al., 2013] . (a) Rotations in the trend of S1 (red) and S2 (green) due to fluid injection rate (blue) and number of detected seismic events (grey bars) over the course of 18 months. (b) Schmidt plot of the temporal variations of the initially principal stress axes S1 (red) and S2 (green) during the fluid injection indicated by stress inversions of focal mechanisms. The stress paths (black line) and the 95% confidence intervals (boxes) are indicated.
rotations have also been observed in reservoirs in relation to massive fluid injection [Martínez-Garzón et al., 2013 , 2014b Schoenball et al., 2014] . These stress rotations have been shown to correlate with fluid injection rates in accordance with pore pressure changes ( Figure 1 ) and reduced in situ temperatures by the cold fluid [Jeanne et al., 2015; Yoon et al., 2015] . In addition to these local perturbations, stress rotations depend mainly on the initial background stress [Sonder, 1990; Zoback, 1992] . Since the local perturbations in terms of the injection rate are known and an approximate knowledge of the reservoir rock properties is usually available, the initial differential stress as the remaining unknown can be estimated.
Herein, we demonstrate the feasibility of such initial differential stress estimation based on stress rotations. For this we use a generic, fully coupled 3-D thermo-hydro-mechanical (THM) model that simulates the pore pressure and thermal effects of cold fluid injection into a hot reservoir. In a systematic sensitivity study, (1) we assess the reservoir properties and treatment that are needed to cause a stress rotation and quantify the resulting angle of stress rotation. (2) We then discuss the key parameters and their influence on the occurrence of stress rotations and (3) derive from our findings an approach to estimate the initial differential stress of a reservoir with known properties from observed injection-induced stress rotations.
Stress Rotations
The in situ stress state is described by the symmetric second-order stress tensor with six independent components [Zoback, 2010; Jaeger et al., 2007] or using the principal axis system with the three orientations and three magnitudes of the principal stresses S1, S2, and S3 [Zang and Stephansson, 2010; Zoback, 2010] . Isotropic changes in the stress state do not affect the orientation of these principal stress axes, but by changes in the differential stress S1-S3 the orientation of the principal stress axes are potentially affected as well. This is, for example, the case for pore pressure changes due to reservoir depletion or injection. According to pore pressure stress coupling, the principal stresses are not equally reduced or increased by the pore pressure changes [Rudnicki, 1986; Altmann et al., 2010 Altmann et al., , 2014 Schoenball et al., 2010] . This means that the principal stress changes around an injection or production well are dependent on their position relative to the wellbore [Altmann et al., 2014] . Hence, the differential stresses and therefore the orientation of the principal stress axes are altered.
The magnitude of anisotropic stress changes is dependent on several reservoir and material properties [Rudnicki, 1986] and controls the stress rotation. The angle of stress rotation itself is a manifestation of the physical response of a reservoir to fluid injection or depletion and thus depends on the magnitude of the initial differential stress, the material properties of the reservoir rock, and the reservoir treatment such as injection rate and fluid temperature. Thus, if stress rotations are observed and a sufficient amount of reservoir properties are known, the information can be used toward an improved geomechanical characterization of geological reservoirs.
An observation of injection-induced stress rotation is available from the NW part of The Geysers geothermal area, California [Martínez-Garzón et al., 2013 , 2014b . A high-density seismic network of 32 permanent stations is deployed within the geothermal area [Martínez-Garzón et al., 2013] . In the vicinity of the injection wells Prati-9 and Prati-29 within almost 5 years, 973 focal mechanisms from seismic events with moment magnitude M w between 1.0 and 3.3 were computed [Martínez-Garzón et al., 2014b] . A subsequent spatiotemporally binned stress inversion allowed the observation of rotations of the principal stress axes of up to 20 ∘ (Figure 1b ) [Martínez-Garzón et al., 2013 , 2014b . The time-dependent rotations of the principal stress axes correlate well with the variations in the monthly injection rates into the reservoir from both nearby wells ( Figure 1a ) [Martínez-Garzón et al., 2013 , 2014b . The relationship between fluid injection and stress rotation has recently been observed in another part of The Geysers field [Dreger et al., 2017] and was also confirmed by geomechanical-numerical modeling calibrated on The Geysers scenario [Jeanne et al., 2015] .
Generic Model
In order to identify the reservoir parameters controlling the stress rotations, we built a fully coupled generic 3-D thermo-hydrome-chanical (THM) model with isotropic and homogeneous rock properties. It has drained pore pressure and fixed temperature boundary conditions at the borders that are far away from the area of interest to prevent boundary effects and feedbacks ( Figure 2c ). The model simulates the injection of a cold fluid at a single point into the center of a fully saturated hot reservoir. The solution of the poroelastic equation [Rudnicki, 1986; Altmann et al., 2010 Altmann et al., , 2014 implies that stress changes are independent of the initial stress state; the stress rotation, however, depends on the ratio of the initial differential stress and the stress changes. The effects of the coupled temperature and pore pressure changes on the stress field are simulated. The reservoir properties, treatment, and the initial differential stress can be easily altered in order to compare their influence on the angle of stress rotation. The properties of the reference model are presented in Table 1 . They are chosen in a way to be comparable to values reported for The Geysers reservoir [e.g., Rutqvist and Oldenburg, 2008; Rutqvist et al., 2013; Jeanne et al., 2015] where injection-induced stress rotations have been observed. The parameters in italics in Table 1 are individually investigated in the sensitivity study with respect to the reference model. Several scenarios in which only a single parameter is altered from the reference value are computed in order to estimate the significance of the influence of the individual parameters on the stress rotation. The scenarios are chosen to represent a reasonable range of maximum and minimum values observed in reservoirs.
Due to the observation of stress rotations by the stress inversion of spatially binned focal mechanisms [Martínez-Garzón et al., 2013] , each rotation is actually an integral value valid for that particular rock volume. Hence, the volume enclosed by the seismicity in each stress inversion needs to be accounted for in the model as to guarantee comparison with the observations. Thus, the stress rotations in the model is regarded concerning the angle of rotation within an affected rock volume. The necessity to regard the reservoir volume On the x axis is the stress rotation angle; on the y axis is the volume in m 3 affected by at least the stress rotation specified on the x axis. In relation to a reference scenario (grey solid) variable angles of stress rotations are indicated. They result from variations in the initial differential stress (green solid), permeability (red dashed), and injection rate (blue dotted) (Figure 2a) . The insignificant influence of the porosity (blue dashed), duration of injection (green dotted), temperature difference (red solid) and thermal conductivity (orange dotted) on the stress rotation angle is displayed in a close-up together with the slightly more prominent influence of the thermal expansion of the rock (violet dash dotted) (Figure 2b ). (c) A cut-view of the generic 3-D model indicates the refined discretization toward the injection point in the center of the model. The modeled injection point has a minimum distance of 7 km from the model boundaries. in which the stress rotation is estimated requires the 3-D analysis of the THM model. We use the finite element method with fully coupled partial differential equations for the thermoporoelastic processes. A finer resolution is achieved close to the injection point and a coarse resolution at the boundaries. The fluid injection is assumed to be constant during the entire injection time interval. The finite element solver Abaqus is applied to solve the resulting coupled partial differential equations which characterize the stress due to temperature and pore pressure changes. The equations result in the stress tensor, temperature, and pore pressure at each integration point in the entire model volume with no phase changes assumed.
Results
To derive the initial differential stress from stress rotations as a physical response of the reservoir to fluid injection, a sensitivity analysis is performed by investigating the key properties controlling the stress rotation. Then, a reservoir characterization approach is presented.
Sensitivity Analysis
For the sensitivity analysis the reservoir parameters porosity, permeability, thermal conductivity, thermal expansion, and the initial stress state and as the reservoir treatment parameters temperature difference between rock formation and injected fluid, injection rate, and injection duration were tested across physically reasonable ranges in reservoir environments (see Table 1 ). The analysis of the results is conducted in a volume-based approach rather than at discrete points in the reservoir. This is in order to be comparable to the observation of stress rotations by a spatiotemporally binned stress inversion of focal mechanism 10.1002/2017GL073598
solutions [Martínez-Garzón et al., 2013] . Such observations are also within a confined volume in contrast to a single observation point. Figure 2a shows that the results for the three significant parameters initial differential stress, permeability, and injection rate are a function of stress rotation within a given volume. An increase in initial differential stress is associated with a decrease in the volume affected by stress rotation. In the reference setting, a rotation of at least 15-20 ∘ in a volume of 10 6 m 3 requires a reduction of the initial differential stress to S1-S3 = 1.4 MPa. As for the rotation angle this refers to the minimum rotation that can be reliably observed from inversion of focal mechanisms given the fact that the inverted data (focal mechanisms) themselves include an error of typically not less than 10 ∘ [Bohnhoff et al., 2004] . Moreover, a low permeability of the rock is beneficial for stress rotations to occur. A decrease in permeability from 1 × 10 −14 m 2 to 5 × 10 −15 m 2 has a similar effect as the reduction of initial differential stress by about Δ(S10-S3) = 1 MPa. Furthermore, the injection rate is correlated with the stress rotation. Exemplified this means that an increase of the injection rate from 100 L/s to 200 L/s has about the same effect as a decrease in permeability from 1 × 10 −14 m 2 to 5 × 10 −15 m 2 or a reduction of the initial differential stress by Δ(S1-S3) = 1 MPa.
Additionally, Figure 2b displays the parameters which prove to have no significant influence on the stress rotation. Changes in the porosity, the temperature difference between reservoir rock and injected fluid, the thermal conductivity of the rock, and the duration of constant injection prove to be entirely insignificant in a long-term scenario of ≥6 months. However, minor changes in the volume affected by stress rotation can be observed for changes in the thermal expansion of the rock. Still, rotations induced solely by thermal effects are not large enough to be considered relevant.
Effective Range of Key Parameters
The individual circumstances which favor or prevent the occurrence of a stress rotation are governed by the three key parameters permeability, initial differential stress, and injection rate. In order to investigate the numerical range in which these parameters allow a stress rotation, they are individually tested with realistic values. According to Bear [1972] , the permeability in (oil) reservoir rocks is between 10 −11 m 2 and 10 −15 m 2 . Differential stresses between (S1-S3) = 0 MPa and 40 MPa are likely to occur in reservoir settings [Zang et al., 2012; Brudy et al., 1997] . Typical injection rates during stimulation of (enhanced) geothermal reservoirs vary between 0.5 L/s and 175 L/s [Zang et al., 2014] . The limit above which stress rotation is considered relevant is set to 5 ∘ in a volume of 25 × 25 × 25 m 3 (=15,625 m 3 ).
It is revealed that in the range of realistic values, the permeability is the main and decisive factor which regulates the occurrence of stress rotation. In a semipermeable setting (10 −12 m 2 according to Bear [1972] ) a very high injection rate of 175 L/s and a very low differential stress (S1-S3 = 0.6 MPa) are required in order to generate a stress rotation above the limit. On the other hand, in an impermeable setting (10 −15 m 2 according to Bear [1972] ) with a medium differential stress (8.3 MPa) an injection rate of 7.5 L/s is sufficient to create stress rotations larger than the limit. If the initial differential stress is reduced to S1-S3 = 0.6 MPa, the same angle of rotation in the same volume is generated by 10% of the injection rate (0.75 L/s). This depicts the small extent of stress rotation control by the magnitude of initial differential stress in comparison to the permeability. In addition to an already low permeability, a small initial differential stress further increases the angle of stress rotation. However, even an unrealistically high value of S1-S3 = 50 MPa allows stress rotations above the limit as long as the permeability is low (10 −15 m 2 ) and the injection rate high (175 L/s). The injection rate significantly controls the angle of the rotation. Yet it is not a decisive factor for the occurrence of stress rotations since unrealistically high injection rates (≫200 L/s) are required to generate a rotation above the limit in a high permeability (≥ 10 −10 m 2 ) setting with a low differential stress (S1-S3 = 0.6 MPa). Even a further increase in the injection rate cannot counterbalance an additional increase in permeability and no stress rotations will occur.
Reservoir Characterization
The estimation of the differential stress is based on observations of the mean stress rotations by the stress inversion of spatially binned focal mechanisms and several modeled scenarios of stress rotation. The modeled scenarios are identical in their geometry and the reservoir properties and treatment with the exception of the initial differential stress which is altered in each scenario. Every modeled scenario simulates the stress rotation due to fluid injection into the reservoir. The simulated mean stress rotation is estimated in a volume that is equivalent to the volume used for the spatial binning of focal mechanisms in the stress inversion. The resulting Figure 3 . The initial differential stress as a function of stress rotation, permeability, reservoir characteristics, and volume of observed stress rotation. On the x axis is the stress rotation, on the y axis the initial differential stress. Two different permeabilities are assumed (5 × 10 −14 m 2 (red) and 5 × 10 −15 m 2 (green)), while all other reservoir characteristics remain the same. The stress rotation is evaluated within three different volumes around the injection point and averaged at 200 random locations. For each setting five model scenarios at different initial differential stresses are computed. This results in the displayed points that are used to interpolate reservoir specific curves. The curves depend on the initial differential stress, the permeability, and the regarded volume of interest.
scenario and reservoir specific relationships between the initial differential stress and the stress rotation are displayed in Figure 3 .
In Figure 3 each of the dots and squares represents such a relationship between stress rotation and initial differential stress. Thus, each reservoir specific curve links the observed stress rotation with an initial differential stress state. As an example, two different reservoir permeabilities were assumed in Figure 3 (5 × 10 −14 m 2 , red and 5 × 10 −15 m 2 , green). The significant difference in modeled stress rotation between the two different permeabilities is in line with the previously indicated sensitivity analysis (see Figure 2) . The higher permeability results in clearly smaller stress rotations for the same differential stresses compared to the permeability which is 1 order of magnitude lower (Figure 3 ). This is especially significant for low differential stresses and high stress rotations. Furthermore, for each permeability scenario the mean stress rotation was obtained in three different volumes (0.5 × 10 6 m 3 , 9.6 × 10 6 m 3 , and 108 × 10 6 m 3 ). This shows the dependency of the stress rotation on the distance to the injection point and the regarded volume respectively which is according to the findings presented in Figure 2 . Due to the pore pressure diffusion an increase in volume for the estimation of the mean stress rotation results in a decrease of the mean rotation angle (Figure 3 ).
Discussion
In this work we investigate the controlling factors for injection-induced stress rotations. In order to identify the significant parameters, a sensitivity study provides the influence of reservoir properties and treatment on the stress rotation. It indicates that the parameters with the largest influence on the stress rotation are the known injection rate, the often estimated permeability of the reservoir, and the unknown initial differential stress. Other inherent reservoir properties such as porosity and thermal conductivity or reservoir treatment such as injection duration do not contribute in a significant extent to the development of stress rotation in a long-term scenario.
Among the three key parameters the permeability is identified to be the most influential one which partly owes to its large variety of observed values in reservoirs [Bear, 1972] . Moreover, a high permeability is the only parameter which is able to prevent stress rotations at all because in this case the poroelastic stress changes are negligible. Significant stress rotations are not expected in reservoirs with permeability larger than 10.1002/2017GL073598 approximately 10 −13 m 2 even though theoretically stress rotations may occur in such settings due to very high injection rates (>150 L/s) or very low differential stress (<2 MPa). Conversely, a low injection rate (<10 L/s) and a high differential stress (>10 MPa) can significantly limit stress rotations even in a low permeability reservoir (< 10 −14 m 2 ).
In this work, a THM model was used to simulate stress rotations in a homogeneous isotropic generic test scenario. The described model is ready to alter material properties to relevant values for a certain reservoir type and even include anisotropies. Furthermore, the reservoir engineering parameters can be adapted to represent cyclic injection [Zang et al., 2013; Zimmermann et al., 2010] , production and injection from the same well [Tischner et al., 2010] , different injection durations, and different injection temperature. The stress rotation angle is quite robust to small changes in injection rate. However, significant fluctuations are expected to result in clearly observable effects (Figure 1a) . The approach can be easily adapted to include an actual reservoir geometry. The significance of the influence of reservoir features such as sealing and conducting faults, anisotropies, and inhomogeneities are expected to depend mainly on their deviation from the rest of the reservoir. Small deviations can be neglected. Furthermore, a more realistic injection geometry (line source) and lateral and vertical extent of the reservoir is expected to result in a similar stress rotation angle. Injection and production layouts featuring several boreholes will affect the stress rotation angle in a way that is mainly influenced by the communication of the wells and their distance. Such adaptions of the reservoir model improve the precision of the differential stress estimation approach for a distinct reservoir setting.
The primary challenges remain the precise detection and localization of induced seismic events and the availability of information on the permeability. Still, in case of large uncertainties in both parameters conclusive results are provided. In Figure 3 the permeability is between 5 × 10 −15 m 2 and 5 × 10 −14 m 2 . If stress rotations of more than 7 ∘ are observed, an initial differential stress of maximum 3 MPa can be concluded. Furthermore, the permeability is then most likely in the area of 5 × 10 −15 m 2 . This knowledge of the differential stress in most tectonic settings allows the derivation of additional information on the stress state such as S Hmax if the minimum horizontal stress S hmin and the vertical stress S v magnitudes are available.
As an application to the geothermal reservoir characterization [Moeck, 2014] our results imply that significant stress rotations are to be expected in reservoirs dominated by crystalline rock, micritic carbonate rock, and sediments with a permeability of < 10 −15 m 2 (porosity <15%). The individual angle of stress rotation and affected volume is dependent on the site-specific injection rate and differential stress. Furthermore, rotations are expected for reservoirs in dolomitic carbonate rocks and sediments with permeabilities < 5 × 10 −14 m 2 (porosity between 15 and 25%). In those settings rotations can be very small or even prevented if the differential stress is large. In addition, a low injection rate can mitigate the angle of stress rotations. Almost no stress rotations are expected in fracture-or karst-dominated reservoirs or sedimentary reservoirs with a high permeability (> 10 −13 m 2 , porosity >25%). In most of those scenarios even very high injection rates and very low differential stress will not lead to a significant stress rotation due to the high permeability. In summary, stress rotations are mainly to be expected in petrothermal enhanced geothermal systems and their occurrence is likely in hydrothermal reservoirs which require stimulation. This could be the reason that to date, they have only been observed at The Geysers geothermal field. Hydrothermal systems are not prone to stress rotations since their initial permeability is usually already high effectively preventing stress rotations.
Conclusion
We apply a generic 3-D thermo-hydro-mechanical model to demonstrate that injection-induced stress rotations in a reservoir can be used to estimate the initial differential stress within a particular rock volume given certain rock permeability and fluid injection rates since they are the physical response of the rock to the injection. The approach requires detailed information on the injection rate and the reservoir permeability which are the most influential parameters. Any further reservoir and engineering properties are secondary for a successful application. In addition, it is indicated that thermal effects have no significant influence on stress rotations. Furthermore, we find that for common differential stress and reservoir treatments stress rotations are only expected in settings with a permeability of less than approximately 10 −12 m 2 . The presented approach can also be used to first order assess the expected stress rotations within a reservoir prior to injection. In addition, the mitigation of stress rotations by limitation of the injection rate can be estimated. Further investigations are required in order to address the sensitivity of the stress rotation angle to reservoir geometry, faults, anisotropies, and injection scenarios.
